simple three-state model. The HOMO of the complex is predominantly a bonding combination of the Au(6|) state with the HOMO of pentacene, whereas the LUMO is an antibonding combination with the pentacene_s LUMO. The remaining SOMO is a linear combination of the Au(6|) state with both the HOMO (with antibonding character) and the LUMO (with bonding character). The apparent sideways bending of this state is purely an electronic effect. This bending and the nodal structure of the STM image are understood from the mixing of the HOMO and LUMO in the given phase relation, resulting in an enhanced amplitude on the side of the long axis of the pentacene molecule that is opposite from the Au atom. Furthermore, we find that the addition of the Au atom to the molecule is electrophilic, as there is a small net electron transfer to Au due to the larger electronegativity of the Au atom than of the pentacene molecule.
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The calculations also show a stable adsorption configuration for the 5-gold-pentacene. The simulated STM image of this complex (Fig. 3B ) is similar to the experimental image shown in Fig. 2J . The large difference in the apparent height between the ends of the complex is an electronic rather than a geometric effect, because the complex lies almost parallel to the surface.
Finally, DFT calculations on free goldpentacene complexes without the NaCl/Cu(100) substrate reveal that these complexes are also stable and have similar geometric configuration and bond lengths, as well as orbitals and charge redistribution, to the adsorbed complexes. The main difference is an upward energy shift of the LUMO of the adsorbed complexes compared with a free complex because of their interaction with the occupied Cl -3p states.
Our DFT analysis confirms that the bond formation is an addition reaction of the gold atom to a pentacene_s benzene ring, with a covalent character to create a radical complex. Aromatics usually prefer substitution over addition reactions that maintain their delocalized p-electronic system (20) . However, in contrast to a reaction taking place in solution, the hydrogen atom in our case would have no alternate bonding partner.
Apart from the aspects of a contact formation, our findings also show new routes to selectively alter the electronic structure and chemical reactivity of large molecules with a delocalized electronic system. Control of the energetics of molecular resonances has been demonstrated before by the doping of a single molecule (21) . The organometallic bond formation in our experiment even transforms a closed-shell molecule into a radical. This Bengineering[ of the orbital structure by creating different isomers controls both the nodal structure itself as well as the relative weight of the probability distribution in different parts of the molecule. Closed-shell carbon nanostructures, such as carbon onions, have been shown to act as selfcontracting high-pressure cells under electron irradiation. We report that controlled irradiation of multiwalled carbon nanotubes can cause large pressure buildup within the nanotube cores that can plastically deform, extrude, and break solid materials that are encapsulated inside the core. We further showed by atomistic simulations that the internal pressure inside nanotubes can reach values higher than 40 gigapascals. Nanotubes can thus be used as robust nanoscale jigs for extruding and deforming hard nanomaterials and for modifying their properties, as well as templates for the study of individual nanometer-sized crystals under high pressure.
B
ecause the covalent bond between two carbon atoms in graphite is one of the strongest known, a graphene plane consisting of a hexagonal arrangement of carbon atoms could be considered as a tearproof net at the nanoscale. Carbon nanotubes, which consist of cylindrically closed graphene sheets, therefore exhibit extreme mechanical properties that have been already demonstrated (1) (2) (3) (4) (5) (6) (7) (8) and used in various applications (9) (10) (11) . Although the rupture of nanotubes under axial tensile load has already been studied (7, 12, 13), their strength against internal pressure remains unexplored. Because nanotubes can be filled with various materials (14) (15) (16) (17) , the pressure-holding capacity of nanotubes may be tested by observing the behavior of encapsulated compressible materials upon tube contraction.
The contraction of nanotubes can be caused by knocking carbon atoms out from the tube lattice and allowing the atomic network to reconstruct. Such a contraction has been observed in spherical carbon onions under electron irradiation (18) . Previous studies (19) (20) (21) (22) (23) (24) 1 Institut fü r Physikalische Chemie, Universität Mainz, 55099 Mainz, Germany. showed that nanotubes are self-healing structures under irradiation. Vacancies are mobile at sufficiently high temperature and coalesce to form divacancies, which ultimately mend by reconstruction of the lattice (24), reducing surface area and generating local tension in the graphene sheet. The collapse of hollow nanotubes under electron irradiation has been observed (21, 23, 25, 26) ; however, the pressure effects experienced inside the cores during collapse have not been studied. In the present work, we observed the dynamics and compressibility of encapsulated nanowires inside collapsing nanotubes and demonstrated that even hard materials such as iron carbide or cobalt can be extruded under the pressures prevailing inside nanotubes.
Multiwalled carbon nanotubes (MWNTs) encapsulating Fe, Fe 3 C, or Co nanowires were produced by means of a modified ethanol-metallocene-based chemical vapor deposition process. A solution was prepared by dissolving 3 weight percent of a metallocene (ferrocene or cobalt acetylacetonate) in ethanol (for Fe) or toluene (for Co); the solution was then sonicated and transferred to the reservoir of a sprayer (27) (28) (29) . Subsequently, the metallocene solution was atomized and directed into a quartz tube in the presence of a high-purity Ar flow. The nanotubes grew inside the silica tube at 950-C for Fe and 850-C for Co. The filled nanotubes were dispersed ultrasonically in ethanol and placed onto grids for carrying out in situ electron microscopy experiments. Electron irradiation and imaging were done in a transmission electron microscope (TEM) (FEI Tecnai F-30) with a field emission gun and an acceleration voltage of 300 kV. A heating stage (Philips) was used to hold the specimens at a temperature of 600-C during the irradiation experiments and in situ imaging. At this temperature, defects in graphitic structures are mobile so as to prevent agglomeration that would lead to a rapid destruction of the nanotubes (19, 24) . Irradiation was carried out at beam current densities of 100 to 600 A/cm 2 . Figure 1 shows the evolution of a nanotube with nine shells containing a Fe 3 C crystal under electron irradiation at 600-C. The initial configuration is shown in Fig. 1A . After 12 min of irradiation with an electron beam (approximately 80 nm in diameter and 200 A/cm 2 in intensity), the tube shrank and deformed the diameter of the Fe 3 C crystal from 9 to 7 nm (Fig. 1B) and after another 9 min (Fig. 1C) to 6 nm. Because of the compressive deformation, the carbide wire increased in length. As the collapse of the tube started in the empty region, the wire slid through the hollow in the axial direction. The schematic in Fig. 1D shows the geometry. Some graphitic material aggregated inside the tube (Fig. 1, B and C) , forming a new shell around the carbide crystal and some graphitic filaments in the collapsing hollow. The graphitic aggregates are due to the transfer of carbon interstitials into the tube (21) . Initially, the end of the crystalline rod is often faceted (Fig. 1A) , but aggregation of graphitic shells at the end of the crystal causes the appearance of a meniscus (Fig. 1,  B and C) . Therefore, the deformation and extrusion of the crystal are caused by the graphitic shells and not by a wetting effect. Heating alone does not result in the observed phenomenon. The collapse of the tubes and the extrusion of encapsulated material occur only under electron irradiation, not under heating. Additional heating of the specimen by the electron beam is negligible because the inelastic energy loss of the electrons is low and nanotubes are excellent heat conductors, so the transferred energy can dissipate into the environment.
The TEM image series (Fig. 2) shows the extent to which a Fe 3 C crystal can be deformed inside the nanotube. Irradiation of the section at the end of the wire leads to a non-uniform collapse of the tube. The hollow noncollapsed part of the tube fills up with graphitic filaments (Fig. 2B) . Carbon material migrates from the open side of the channel (top of each panel in Fig. 2 ) and aggregates to the end of the Fe 3 C wire by closing the inner hollow with graphene sheets. Therefore, the number of shells increases locally. The tube now collapses in the region of the carbide crystal by deforming the crystal considerably (Fig. 2, D and E) . The diameter of the Fe 3 C wire decreases from 9 to 2 nm while the solid carbide is squeezed through the hollow core downward along the tube axis, as in an extrusion process. The final collapse of the tube pinches and cuts off the thinned wire (Fig. 2F) while the rest of the wire continues moving downward (the imaged section of the tube was slightly shifted during imaging). The deformation rate of the Fe 3 C crystal is approximately 4 nm/min in the direction of the tube axis and 1 nm/min perpendicular to the axis. Qualitatively, the extrusion process ( Figs. 1 and 2 for Fe 3 C) is the same as when b-Co crystals (face-centered cubic) are encapsulated in nanotubes ( fig. S1) The compressive effect is also seen in the lattice spacings of the graphitic shells and the encapsulated crystals. In the nanotubes, a reduced spacing between the shells is seen close to the solid core. The spacing between the two innermost layers (next to the core) is 10 to 13% less than the spacing between the outer layers. Between the second and third shell, the reduction is typically less than 5%, whereas for all other shells no significant deviation from the value of graphite can be measured. The local pressure cannot be calculated in a straightforward way from the inter-shell spacing of the tube, because each shell resists outer pressure and the diameter of the shells is determined by the defect configuration. However, a change in lattice spacing in the encapsulated crystals can be used to estimate the local pressure, although the lattice resolution of the TEM is not sensitive enough to detect minute changes in spacings in this instance. In the Fe 3 C nanocrystals, up to 6% compression in the radial direction was observed. For Co crystals in collapsing nanotubes, a compression of up to 3.5% was measured. Lattice distortions by shear forces were also detectable ( fig. S2) .
No visible crystallographic defects such as stable dislocations or twins were observed during the deformation of the crystals within the temporal resolution of this experiment ( Fig. 1 and figs. S1 and S2). This is important because it shows that nanoscale crystals do not deform in the same way as do macroscopic crystals, although the formation of defects has been observed in some metals encapsulated in carbon onions (30) . Because the strain rate is low, we can consider that plastic deformation occurs above the theoretical shear stress rather than the yield stress as in bulk crystals. Such a behavior under plastic deformation is also a testimony to the large stresses that develop inside collapsing nanotubes. When the irradiation is interrupted, the compressive forces continue to have a slight effect for a short duration until the deformation stops. This technique allows for a direct observation of deformation dynamics in nanocrystals under large compression; however, the possible irradiation effects in the crystals also have to be taken into account.
In order to understand the mechanism of irradiation-mediated contraction of nanotube shells and to estimate the pressure inside the contracting tube, we used a continuum theory model in which the forces acting on the shells are functions of shell radii and inter-shell spacing (Fig. 3A) . We used atomistic computer simulations to parameterize the model as described in the supporting online material. Knockon displacements of carbon atoms in the energetic electron beam create vacancies and interstitials in the graphitic lattice of the nanotubes. In the metal and carbide cores, however, no considerable radiation effects occur because the displacement threshold energy in metals and carbides is higher than that in graphite. At 600-C, interstitials between the shells of MWNTs can migrate away from the contracting region where the pressure is high, so one can assume that no interstitials are left in the irradiated area. Metastable interstitial-vacancy complexes are also not stable at 600-C and will annihilate. Single vacancies are mobile enough to form divacancies (24) , which are energetically favorable over single vacancies and are practically immobile (because the migration energy is more than 5 eV). Thus we can further assume that only double vacancies are present. Although all contracting shells should give rise to a pressure buildup in the inner core, it is instructive to evaluate first the pressure exerted only by the inner shell.
We calculated the total energy and the equilibrium atomic structure of single-walled carbon nanotubes (SWNTs) with various concentrations n of divacancies. Figure 3B shows the atomic network of a (10, 10) SWNT with n 0 0.05. We found that the average equilibrium diameter R 0 (n) of the empty tube decreased linearly with n after relaxation because of the atomic network reconstruction. Having relaxed the atomic network for a particular n, we calculated the pressure P inside the SWNT as a function of nanotube radius R for various n (Fig. 3C) . In practice, as the filling of the tube should increase R with respect to R 0 (n), we evaluated P numerically as the derivative of the total energy with respect to R for R 9 R 0 (n). For all n, P first increased linearly with R, and then showed a nonlinear regime. Finally, P abruptly dropped when the bonds near vacancies started breaking at the critical radius R c (n). We found that, for any n, the nonlinear dependence of P on R for R 0 G R G R c can be almost perfectly fitted by a square polynomial function Eas in (31)^.
Knowing the pressure as a function of the tube radius, one can calculate the maximum pressure inside the tube for any concentration of defects. For an incompressible inner core, P as a function of defect concentration is defined by the intersection of the vertical line drawn at the radius of the intact tube with the load curves. The pressure inside a SWNT as a function of n is shown in Fig. 3D . If we assume that the tube is filled with an incompressible material, there exists an upper limit on pressure, because the tube breaks at a certain concentration of vacancies. For a (10, 10) SWNT, the highest possible, double-vacancy concentration is n , 0.06. In reality, the highest vacancy concentration should be smaller, beacuse high experimental temperatures favor transitions between metastable configurations with close energies, resulting in the collapse of the tube. As follows from our simulations, the pressure inside a single shell can be as high as 20 GPa, and we are still not in the instability region (gray area in Fig. 3D ).
To account for pressure buildup due to other shells, we calculated the total pressure P tot inside MWNTs composed of two or more shells with divacancies. We assumed that the relations among tube radius, pressure, and doublevacancy concentration as calculated for the (10, 10) SWNT are qualitatively correct for nanotubes with any chiralities and diameters. We further assumed that the concentration of irradiation-induced defects is the same in all shells. To describe the forces between the shells, we adopted an analytical approach with parameters derived from experiments and used previously in a model of contracting graphitic shells in carbon onions (32) . The balance of vacancy-induced and inter-shell forces, and the counter force from the incompressible material in the core in the MWNT, makes it possible to derive a system of nonlinear equations for equilibrium radii of all shells, which can be solved numerically.
The pressure P tot in the inner core of MWNTs filled with an incompressible material (where the radius of the inner tube is equal to that of a pristine tube) is presented in Fig. 3D for various numbers of shells. P tot increases because of additional contributions from other shells, and its value can be 40 GPa or higher. This value is slightly below the highest external pressure (60 GPa) seen to collapse nanotubes under experimental conditions (33). The pressure saturates quickly, and in practice does not change when the number of shells exceeds 6. This is because interstitials are absent in the high-pressure region because of the tubular geometry of the system, as a result of which the interstitials have a high probability to migrate away from the region with enhanced pressure. The open space and weak interaction between the shells allow for a decrease in shell radii and thus reduce P tot . This also gives rise to a drop in inter-shell spacing, and the spacing is smaller the closer the shells are to the core. At a concentration of divacancies of 0.04, the intershell distance between the innermost and the next shell decreases by 15% relative to that of a pristine tube. Although a certain relaxation had already occurred when the experimental images were recorded, the measured inter-shell spacings of 10 to 13% match well with the theoretical value (unrelaxed situation). The effect of pressure on the lattice contraction of the encapsulated crystals can be estimated by using the compression modulus of bulk crystals. If we assume a pressure of 40 GPa and the measured compression modulus of bulk Fe 3 C (the extrapolation according to the Birch-Murnaghan equation) (34), a reduction of lattice spacings of 5% can be expected. This value is close to the measured lattice compressions in Fe 3 C (e6%) and Co (e3.5%).
Our results demonstrate the high strength of carbon nanotubes against internal pressure. The ultimate internal pressure (È40 GPa) that nanotubes can resist is only an order of magnitude below the pressure in the center of Earth (È360 GPa) or the highest pressure that has been achieved in diamond anvil cells (È400 GPa). The advantage of the present experiment is that individual nanometer-sized crystals can be studied in situ and deformed under high pressure, although irradiation effects in the crystals might occur and have to be considered. The behavior of the encapsulated crystals is monitored directly with high spatial and temporal resolution. Carbon nanotubes thus offer a template for use as compression/extrusion cells to study pressure-induced phase transformations and deformations of various solid nanomaterials. The total pressure inside a MWNT with different numbers of shells is also shown as a function of n. DVs n, divacancy concentrations n.
